All relevant data are within the paper and its Supporting Information files.

Introduction {#sec005}
============

Multidrug-resistant tuberculosis (MDR-TB), a disease caused by strains of TB that are resistant to the two most important first-line anti-TB drugs, isoniazid and rifampicin, is a growing public health problem \[[@pone.0120763.ref001]\]. In the UK, the incidence of drug-susceptible TB (DS-TB) has held steady at approximately 9,000 cases per year over the last decade, while a gradual but considerable increase in the proportion of drug-resistant TB has been observed \[[@pone.0120763.ref002]\]. In addition, recent years have seen annual growth in the number and rate of incident cases of extensively drug-resistant TB (XDR-TB) and totally drug-resistant TB (TDR-TB) \[[@pone.0120763.ref002]\]. Similar trends have been observed in other high-income countries, including France, Spain, and Sweden \[[@pone.0120763.ref003]\]. Consequently, the adequate and appropriate treatment of MDR-TB is of growing public health concern, and improved treatment strategies may be required to treat complex cases of MDR-TB.

MDR-TB is difficult to treat, typically requiring a regimen of toxic and poorly tolerated second-line anti-TB drugs, including injectable drugs, for a period of 18 to 24 months \[[@pone.0120763.ref004]--[@pone.0120763.ref006]\]. Poor efficacy of the second-line agents and erratic access to these drugs, coupled with medication-related adverse effects and increased likelihood of decreased adherence to drugs during the lengthy treatment period, all lead to poor outcomes in the treatment of MDR-TB; the WHO reports that favorable treatment outcomes are achieved in only 48% of MDR-TB cases globally \[[@pone.0120763.ref007]\]. There is therefore a clear need for new treatments that improve treatment outcomes in a higher proportion of patients with MDR-TB \[[@pone.0120763.ref008],[@pone.0120763.ref009]\].

Between December 2012 and May 2014, the European Medicines Agency (European Union \[EU\]), the Food and Drug Administration (United States \[US\]), Russian regulatory authority, and the South Korean Ministry of Food and Drug Safety, have granted marketing authorization to bedaquiline, the first novel treatment to be licensed for use in MDR-TB in over 40 years \[[@pone.0120763.ref010],[@pone.0120763.ref011]\]. In the EU and the US, bedaquiline is approved for use as part of an appropriate combination therapy in adult patients with pulmonary MDR-TB, when an effective treatment regimen cannot otherwise be provided for reasons of resistance or tolerability. Bedaquiline should be administered over a 24-week period, ideally using directly observed therapy (DOT)\[[@pone.0120763.ref012]\]. A randomized clinical trial has shown that the addition of bedaquiline to a background treatment regimen (BR) for 24 weeks resulted in significantly shorter time to sputum culture conversion (p\<0.0001) and a significantly higher proportion of subjects with culture conversion (p = 0.008) compared to BR alone \[[@pone.0120763.ref013]--[@pone.0120763.ref015]\].

It is intuitive that the addition of bedaquiline to a standard MDR-TB drug regimen would add to drug costs. However, it is important to assess the overall economic impact of such incremental costs. The cost-effectiveness of bedaquiline as an add-on treatment in MDR-TB was recently assessed by the World Health Organization (WHO), who commissioned an analysis assessing the use of bedaquiline from the perspective of TB programs in a range of six low- and middle-income countries (Russia, Estonia, Philippines, Peru, Nepal and China) \[[@pone.0120763.ref016]\]. The analysis considered the costs and effectiveness of two strategies: bedaquiline plus BR, and BR alone over a period of 20 months, using outcomes from published literature and initial results from the bedaquiline clinical trial program. The WHO analysis concluded that bedaquiline is highly likely to be cost-effective in most environments, with cost-savings in environments where treatment and management costs for MDR-TB are high \[[@pone.0120763.ref016]\].

In high income countries, such as the UK, patients with MDR-TB are almost always hospitalized, typically confined to a negative pressure isolation room to reduce the risk of disease transmission. Inpatient care is provided until sputum culture conversion is achieved, often resulting in lengthy periods of hospital stay, and incurring significant costs to the health care system. A UK study estimated that the mean cost of managing a single case of pulmonary MDR-TB was in excess of £60,000 (year 2000 value) \[[@pone.0120763.ref017]\], while the cost of MDR-TB in the EU has recently been estimated at €57,213 per case \[[@pone.0120763.ref018]\]. No cost-effectiveness analysis has been conducted on the use of bedaquiline in high income countries; as such, there is no information to inform whether the introduction of bedaquiline would be an effective use of healthcare resources in such countries. In the EU, bedaquiline is designated as an orphan medicinal product (defined as a disease with incidence of less than 5 per 10,000 of the population \[[@pone.0120763.ref019],[@pone.0120763.ref020]\]). Therefore, when making economic assessments in orphan diseases, Health Technology Appraisal organizations such as NICE in the UK may consider equity weighting to modify the Quality Adjusted Life Year (QALY) gains, increasing the usual willingness-to-pay threshold from £20,000-£30,000 \[[@pone.0120763.ref021]\], to as high as £50,000 \[[@pone.0120763.ref022]\].

The objective of this study was to estimate the cost-effectiveness of adding bedaquiline to a BR of at least three proven anti-TB drugs compared with BR alone, in the treatment of MDR-TB in a high income setting, using the UK as an example.

Methods {#sec006}
=======

Summary of evaluation {#sec007}
---------------------

A cohort-based Markov state transition model \[[@pone.0120763.ref023]\] was developed to evaluate the long-term costs, and effectiveness of adding bedaquiline to a BR, compared with BR alone, in the treatment of adult patients with pulmonary MDR-TB. The characteristics of the cohort evaluated in simulation were based on the enrolled population in C208 Stage 2, a phase II, placebo-controlled randomized trial of bedaquiline in newly diagnosed MDR-TB patients \[[@pone.0120763.ref013]\], which is the primary source of efficacy data in the simulation.

The simulation base case was conducted from the perspective of the UK National Health Service (NHS) and Personal Social Services (PSS). The effectiveness of treatment was evaluated in terms of QALYs, the recommended measure of effectiveness in economic evaluations for health technology appraisals in the UK \[[@pone.0120763.ref024]\], and the Disability Adjusted Life Year (DALY), which is typically used in evaluating effectiveness for neglected diseases in the developing world \[[@pone.0120763.ref025]\]. Both costs and effectiveness were discounted in the base case at an annual rate of 3.5% per annum \[[@pone.0120763.ref026]\], with varying discount rates explored in sensitivity analyses. A half cycle correction was applied to estimate costs and outcomes.

The model simulated costs and effectiveness over a time horizon of 10 years in order to capture the major future consequences of treatment with bedaquiline. The primary outcome of the analysis was the incremental cost per QALY gained, calculated by dividing the incremental cost with the incremental QALYs gained when comparing bedaquiline plus BR with BR alone. Secondary outcomes included the total and per-patient costs, QALYs, DALYs, and the incremental cost per DALY avoided. Total costs and total effects for treatment were reported for a cohort of 20 patients with MDR-TB, representing the estimated number of patients with MDR-TB who would likely be eligible for treatment with bedaquiline in the UK in 2014 \[[@pone.0120763.ref014]\].

Summary of model structure {#sec008}
--------------------------

A *de novo* model structure was developed to simulate the clinical pathway and the subsequent long-term outcomes of treatment in patients with newly diagnosed MDR-TB ([Fig. 1](#pone.0120763.g001){ref-type="fig"}). The model structure consisted of six core health states, corresponding to states of sputum culture positivity to MDR-TB ('active MDR-TB' and 'Active secondary / Relapse MDR-TB'), sputum culture converted MDR-TB, surgery ('short-term outcomes' and 'long-term outcomes'), lost to follow-up, treatment completion and death. The simulated cohort transited between health states over a fixed 28-day cycle period.

![Markov model state structure.\
MDR-TB: multi-drug resistant tuberculosis; TB: tuberculosis. \*Transitions to the death state are possible from every state, but not shown on the diagram for clarity.](pone.0120763.g001){#pone.0120763.g001}

The goal of drug treatment in the simulation was to induce sputum culture conversion (transition to sputum culture converted MDR-TB) in the patient cohort, and maintain converted state until treatment completion and assumed cure of MDR-TB (transition to treatment completion). In the base case, treatment completion was achieved if patients did not fail treatment in the 12 months following sputum culture conversion, a definition that was assumed to align with UK and WHO guidelines \[[@pone.0120763.ref004],[@pone.0120763.ref027]\]. Failure to complete treatment in the simulation was due to the reappearance (reversion) of sputum positive MDR-TB (transition to 'active secondary MDR-TB'), loss to follow-up, or death. In the model, tunnel states were used to track the time since initial culture conversion, with the risk of reversion, loss to follow-up, and death applied to the cohort for each cycle in which they occupied the tunnel states.

In the simulation base case, treatment completion was assumed equivalent to the cure of TB as defined by the WHO (five consecutive negative cultures from samples collected at least 30 days apart in the final 12 months of treatment) \[[@pone.0120763.ref028]\]. Subsequently, the cohort who occupied this state was assumed to have the same health characteristics (quality of life, risk of mortality) as the UK general population. Once cured, this cohort was assumed to be at zero risk of re-developing or being re-infected with MDR-TB during the simulation period. This conservative assumption was tested in the sensitivity analysis.

In the simulation, patients who failed to achieve culture conversion during the first year of the simulation were considered treatment failures, and automatically transited to the 'active secondary MDR-TB' state at month 12 to begin a new treatment program. The goal of the new drug treatment program was to accelerate and maintain sputum culture conversion. Treatment completion was modeled in the same manner as for first treatment, with failure to complete treatment due to reversion, loss to follow-up or death. In the base case, the likelihood of culture conversion was lower in this group to reflect the refractory nature of secondary (relapse) MDR-TB. In the simulation, patients who failed to achieve culture conversion with the new program were assumed to occupy the active secondary MDR-TB state until death, loss to follow-up or surgical intervention. These patients were considered to have chronic TB.

Surgical intervention was modeled using two health states to reflect the short-term (cost and risk of mortality for the surgery itself) and long-term (outcomes in patients with surgery) consequences of surgery. Information on the transition probabilities applied in the model can be found in [Table 1](#pone.0120763.t001){ref-type="table"}.

10.1371/journal.pone.0120763.t001

###### Transition probabilities.
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  Parameter                                                   Value per 28-days (SE)                                  Source
  ----------------------------------------------------------- ------------------------------------------------------- ----------------------------------------------------------------------------
  Sputum culture conversion on BR, 0--8 weeks (log-normal)                                                            
  Scale parameter                                             4.99 (0.21)                                             Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\]
  Shape parameter                                             0.73 (0.11)                                             Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\]
  Sputum culture conversion on BR, 8--24 weeks (log-normal)                                                           
  Scale parameter                                             5.68 (0.40)                                             Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\]
  Shape parameter                                             1.90 (0.27)                                             Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\]
  Sputum culture conversion on BR, 24 + weeks (log-normal)                                                            
  Scale parameter                                             8.28 (1.09)                                             Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\]
  Shape parameter                                             2.70 (0.82)                                             Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\]
  Subsequent MDR                                                                                                      
  Hazard ratio of subsequent MDR-TB (vs. initial MDR-TB)      0.54 (0.17)                                             Open-label, phase II clinical trial C209 \[[@pone.0120763.ref013]\]
  Other events                                                                                                        
  Probability of loss to follow-up                            0.39% (0.0016)                                          \[[@pone.0120763.ref002]\]
  Probability of surgery (\<24 weeks)\*                       0% (0)                                                  Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\]
  Probability of surgery (\>24 weeks)                         0.38% (0.026)                                           Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\]
  Probability of reversion                                    0.98% (0.0035)                                          Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\]
  Probability of death                                        MDR-TB, no cure: 2.21%                                  \[[@pone.0120763.ref031]\] \[[@pone.0120763.ref030]\]
  MDR-TB, cured: 0.32%                                        \[[@pone.0120763.ref031]\] \[[@pone.0120763.ref030]\]   
  XDR-TB, no cure: 2.69%                                      \[[@pone.0120763.ref031]\] \[[@pone.0120763.ref030]\]   
  XDR-TB, cured: 0.39%                                        \[[@pone.0120763.ref031]\] \[[@pone.0120763.ref030]\]   
  Treatment effect                                                                                                    
  Hazard ratio of bedaquiline (sputum culture conversion)     2.44 (0.57; 95% CI: 1.57--3.80)                         Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\]
  Hazard ratio of bedaquiline (relapse)                       0.32 (0.25; 95% CI: 0.086--1.069)                       Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\]

MDR-TB: multi-drug resistant tuberculosis; TB: tuberculosis; XDR-TB: extensively-drug resistant tuberculosis; SE: standard error; MDR: Multi-drug resistance

Clinical data in the model {#sec009}
--------------------------

Data on the efficacy of treatment and the risk of morbidity and mortality in patients with MDR-TB was obtained from various sources, including C208 Stage 2, the phase II, placebo-controlled randomized trial of bedaquiline in newly diagnosed MDR-TB patients \[[@pone.0120763.ref013],[@pone.0120763.ref015]\], and published literature \[[@pone.0120763.ref029]--[@pone.0120763.ref031]\].

Data used to directly model differences in the efficacy and safety of bedaquiline plus BR and BR alone were obtained from the randomized trial. The probability of surgical intervention, loss to follow-up, and death were based on the literature \[[@pone.0120763.ref002],[@pone.0120763.ref013],[@pone.0120763.ref029]--[@pone.0120763.ref031]\], with the same probabilities applied in the bedaquiline plus BR and BR alone simulations. Given the decreasing trend of surgical interventions observed in C208 Stage 2, this is a conservative approach. A summary of the literature data is provided in [S1 Table](#pone.0120763.s004){ref-type="supplementary-material"}.

In the simulation base case, bedaquiline plus BR was associated with an increased rate (and probability) of sputum culture conversion and reduced rate (and probability) of relapse or reversion compared with BR alone.

Sputum culture conversion rates in patients receiving BR alone were modeled by fitting parametric survival curves to patient-level data on the time-to-culture conversion in the placebo group of the phase II study. For the analysis, the trial horizon was segmented into three time periods (\<8 weeks, 8 to 24 weeks, and \>24 weeks), and survival curves were fitted to data observed during each period. The three curves provided a superior fit to the observed trend in sputum culture conversion in the study than a single curve fitted to the complete trial horizon. Standard survival distributions (e.g. exponential, Weibull) were explored and fitted to the data, and the log-normal distribution was chosen based on statistical model fit, assessed by Akaike's information criterion (AIC) and Bayesian information criterion (BIC). In the model, the rate of sputum culture conversion was assumed to vary over time.

Sputum culture conversion rates in patients receiving bedaquiline plus BR were modeled using data from the trial, by multiplying the rate of culture conversion from the placebo group by the hazard ratio (or rate ratio) of culture conversion for bedaquiline versus placebo (Hazard ratio = 2.44, standard error = 0.57, 95% CI = 1.57--3.80).

The hazard ratio of culture conversion was applied for the duration of bedaquiline treatment (6 months), after which the rate of sputum culture conversion was the same as observed in the placebo group.

An additional benefit was modeled in terms of a lower rate of reversion in the bedaquiline treatment group compared to placebo. This was estimated by fitting a complementary log-log model to aggregated data of patients pooled from both the bedaquiline and placebo arms who experienced a reversion between weeks 24 and 120 of the phase II study, using the statistical software Winbugs \[[@pone.0120763.ref032]\]. The estimated hazard ratio of reversion following culture conversion for bedaquiline versus placebo was 0.32 (standard error = 0.25, 95% CI = 0.086--1.069). The reduced rate of reversion post-culture conversion was observed throughout the study and after cessation of bedaquiline. As such, the hazard ratio of reduced reversion post-conversion was applied for the duration of the simulation. This assumption was tested in the sensitivity analysis.

Costs {#sec010}
-----

Costs included in the model comprised direct medical costs, including drug acquisition costs, treatment monitoring costs, administered care (inpatient and outpatient) costs, and the cost of surgical intervention, where applicable. Key cost data inputs used in the model are summarized in [Table 2](#pone.0120763.t002){ref-type="table"}.

10.1371/journal.pone.0120763.t002

###### Costs and outcomes.
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  Parameter                                          Value per event / 28-days (SE)                        Source
  -------------------------------------------------- ----------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Cost of drug treatment                                                                                   
  Cost of bedaquiline (per 6-month course)           £18,800                                               Assumption---estimated from the publically available US price converted to Great British Pounds using common currency conversion, as the UK cost was not available at the time of the analysis
  Cost of BR (intensive)                             £692.70                                               Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\], \[[@pone.0120763.ref033]\]
  Cost of BR (continuation)                          £273.30                                               Placebo-controlled phase II clinical trial C208 \[[@pone.0120763.ref013]\], \[[@pone.0120763.ref033]\]
  Cost of monitoring                                                                                       
  Bedaquiline + BR                                   Intensive phase: £62.37                               Calculated based on resource use assumptions
  Continuation phase: £31.92                         Calculated based on resource use assumptions          
  BR only                                            Intensive phase: £124.91                              Calculated based on resource use assumptions
  Continuation phase: £94.46                         Calculated based on resource use assumptions          
  Cost of hospitalization (negative pressure room)   £18,800 per initial stay (48 days)                    \[[@pone.0120763.ref034]\], inflated to 2013 values
  £274.75 per excess bed day                         \[[@pone.0120763.ref034]\], inflated to 2013 values   
  Cost of outpatient care                            £1,882.27                                             Calculated based on resource use assumptions
  Cost of surgical procedure                         £6,706.88 (3,559)                                     \[[@pone.0120763.ref034]\], inflated to 2013 values
  Successful surgery:                                No additional cost                                    Assumption
  Unsuccessful surgery:                              £94.46                                                Same as continuation BR

BR: background regimen; SE: standard error; TB: tuberculosis

Unit costs for each drug in the BR, the cost of each monitoring resource, outpatient visits, and inpatient costs were sourced from publically available tariffs and formularies in the UK, and were inflated to 2013 values where necessary \[[@pone.0120763.ref027],[@pone.0120763.ref033]--[@pone.0120763.ref035]\]. In the base case, the cost of bedaquiline in the UK was assumed to be the same as the US list price converted to Great British Pounds (GBP) using common currency conversion, as the UK cost had not yet been determined at the time of the analysis and the US price was the only publicly listed price available at the time of analysis. The impact of bedaquiline cost on simulation results was tested in sensitivity analyses, including determining the maximum price at which bedaquiline would be considered cost-effective.

Resource use data was obtained from various sources including an interview with a UK clinician who had over 10 years' experience, as well as expert opinion from one of the co-authors (CK) with experience of treating MDR-TB patients. All costs were estimated for the year 2013, and are reported in GBP.

Drug acquisition and treatment monitoring costs varied between the intensive phase (the first 8 months) and the continuation phase of treatment, in line with UK and WHO guidelines for treatment programs in MDR-TB \[[@pone.0120763.ref027],[@pone.0120763.ref033]\]. Treatment monitoring included blood tests, X-rays, audiometric testing (intensive phase only), kidney and liver function monitoring, and cardiac monitoring for QT prolongation (only for those receiving bedaquiline).

In the simulation base case, the cohort that occupied the active sputum MDR-TB state accrued hospital care costs up to month 18 of the simulation (as is the standard of care in the UK), after which they were assumed to be transferred to an outpatient setting. The cohort that occupied the active secondary MDR-TB state received up to 6 months of continuous hospital care, after which they also received ongoing outpatient care. The cohort that occupied the sputum converted states was assumed to receive outpatient monitoring and care until successful treatment completion. Although WHO guidelines recommend ambulatory care, hospital-based care remains the recommended standard of care in high income settings such as the UK \[[@pone.0120763.ref035]\], due to concerns over infectiousness and treatment adherence.

The cohort that occupied the short-term surgery state accrued the one-off cost of surgery. Patients who had an unsuccessful outcome following surgery incurred subsequent additional treatment costs. We did not directly account for any specific complications of surgery.

No costs were applied to cohorts that occupied the lost to follow-up, successful surgery, treatment completion or death states of the model.

Health utilities and Disability weights {#sec011}
---------------------------------------

Utility weights (QALY), disability weights (DALY) and years of life lost (DALY) were sourced from the published literature, and used to estimate the effectiveness of treatment in the simulation. A summary of data is provided in [S1 Table](#pone.0120763.s004){ref-type="supplementary-material"}.

Utility weights were obtained from two sources; a UK study of dedicated outreach services for patients with TB in the UK, which reported in terms of active TB and inactive TB but receiving drug treatment, and a UK study of quality of life in the general population \[[@pone.0120763.ref036],[@pone.0120763.ref037]\]. The utility weights were elicited using the EQ-5D questionnaire, with responses mapped to utility weights using the York tariff. Although it can be questioned as to whether or not utility weights derived for general TB patients would be reflective of the lower quality of life that may be experienced by MDR-TB patients, in the absence of such information these were thought to be the most suitable proxy data available.

The cohorts that occupied the active MDR-TB and lost to follow-up states were assigned the utility weight for active TB. The cohort who occupied the treatment completion state was assigned a utility weight estimated from the age and gender-matched general population in the UK (EQ-5D data). The cohort who occupied the sputum converted MDR-TB states were assigned a utility weight that was dependent on the time since conversion, with a longer duration of sustained conversion being associated with an improvement in utility weight up to the utility weight for the general population (treatment completion). As such, the utility weight for sputum converted MDR-TB was estimated by linear interpolation of the weights for active TB (lower bound) and the general population (upper bound).

Disability weights and years of life lost due to premature mortality were sourced from two sources: a global burden of disease study \[[@pone.0120763.ref038]\], which reported disability weights for active TB, and the UK life tables from the office for national statistics \[[@pone.0120763.ref039]\]. The disability weight for treatment completion was assumed to be zero (i.e. no disability). The same assumptions were applied for the DALY calculation as used for the QALY calculation.

Sensitivity analysis {#sec012}
--------------------

Deterministic sensitivity analyses were conducted to assess the sensitivity of model results to alternative clinical assumptions and variations in input data. This included analysis of the impact of alternative structural assumptions on simulation results, including a shorter time horizon of two years, and the assumptions that patients may re-develop TB following treatment completion (reoccurrence), may acquire additional drug resistance, and do not experience a reduction in the rate of sputum culture reversion after having initially converted following treatment with bedaquiline. Additional analyses were conducted to test the impact of variations in data inputs on simulation results, including the proportion of patients receiving inpatient care, the rate of sputum culture conversion in the BR alone group, and the cost of bedaquiline.

A probabilistic sensitivity analysis was also performed to estimate the joint parametric uncertainty surrounding the incremental costs, incremental effectiveness, and incremental cost-effectiveness ratio of bedaquiline plus BR versus BR alone. The probabilistic analysis provided an estimate of the probability that bedaquiline plus BR is considered cost-effective versus BR alone at various thresholds of affordability (willingness to pay). Probabilistic distributions and parameters for this analysis can be found in [S2 Table](#pone.0120763.s005){ref-type="supplementary-material"}.

Results {#sec013}
=======

Results of the base case {#sec014}
------------------------

Over the 10-year time horizon, the total discounted cost and discounted QALYs for the single cohort of 20 patients assigned to bedaquiline plus BR was £2,170,394 and 105.09 QALYs, using the US list price for bedaquiline of £18,800 ([Table 3](#pone.0120763.t003){ref-type="table"}). In comparison, the total discounted cost and discounted QALYs for BR alone was £2,403,442 and 81.80 QALYs. The treatment strategy of bedaquiline plus BR versus BR alone was therefore less costly (-£233,048) and more effective (23.28) than BR alone.

10.1371/journal.pone.0120763.t003

###### Total and incremental results for bedaquiline + BR vs. BR alone (UK base case).
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                                      Bedaquiline + BR          BR only      Incremental (Bedaquiline + BR vs. BR)
  ----------------------------------- ------------------------- ------------ ---------------------------------------
  Total Costs                         £2,170,394                £2,403,442   -£233,048
  Per patient cost                    £106,487                  £117,922     -£11,434
  Total QALYs gained                  105.09                    81.80        23.28
  Per patient QALYs                   5.16                      4.01         1.14
  Total DALYs lost                    187.80                    280.83       -93.04
  Per patient DALYs lost              9.21                      13.78        -4.56
  Incremental cost per QALY gained    Dominates (-£10,008.75)                
  Incremental cost per DALY avoided   Dominates (-£2,504.95)                 

All costs reported in 2013 values

BR: background regimen; QALYs: quality adjusted life-years; DALYs: disability adjusted life-years

On an individual patient basis, the average total discounted costs and QALYs were £106,487 and 5.16, and £117,922 and 4.01, for bedaquiline plus BR and BR alone respectively. Thus, for each patient treated with bedaquiline, the average cost-saving versus standard of care (BR alone) was £11,434 over a 10-year time period.

The DALY burden for treatment with bedaquiline was 187.80 DALYs compared with 280.83 DALYs when using BR alone for a cohort of 20 patients ([Table 3](#pone.0120763.t003){ref-type="table"}). This equates to a per patient DALY burden of 9.21 in patients receiving bedaquiline plus BR versus 13.78 in patients receiving BR alone. The dominant contributor to DALYs was the years of life lost, with 8.81 and 13.21 discounted years of life lost for bedaquiline plus BR and BR alone, respectively. The incremental DALYs avoided with bedaquiline plus BR versus BR alone was 93.04 DALYs for the cohort of 20, and 4.56 DALYs for the average individual patient.

The total costs of treatment and per patient costs, split by category, are presented in [Table 4](#pone.0120763.t004){ref-type="table"}. The total cost of treatment with bedaquiline plus BR (£2,170,394) comprises principally hospitalization costs (£1,091,146, 50%), anti-TB drug costs (£529,904, 24%), and outpatient costs (£478,291, 22%). Similarly, the cost of BR alone (£2,403,442) comprises hospitalization costs (£1,639,622, 68%), outpatient costs (£516,572, 22%) and anti-TB drug costs (£192,433, 8%).

10.1371/journal.pone.0120763.t004

###### Total and per patient costs, split by category (UK base case).
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  Cost category           Bedaquiline + BR (total)   Bedaquiline + BR (per patient)   BR only (total)       BR only (per patient)
  ----------------------- -------------------------- -------------------------------- --------------------- -----------------------
  Hospitalization costs   £1,091,146 \[50%\]         £53,536 \[50%\]                  £1,639,622 \[68%\]    £80,446 \[68%\]
  Outpatient care         £478,291 \[22%\]           £23,467 \[22%\]                  £516,572 \[22%\]      £25,345 \[22%\]
  Anti-TB drugs           £529,904 \[24%\]           £25,999 \[24%\]                  £192,433 \[8%\]       £9,441 \[8%\]
  Monitoring costs        £40,778 \[2%\]             £2,001 \[2%\]                    £19,718 \[1%\]        £967 \[1%\]
  Surgical costs          £5,093 \[\<1%\]            £250 \[\<1%\]                    £9,914 \[\<1%\]       £486 \[\<1%\]
  Contact tracing costs   £25,182 \[1%\]             £1,236 \[1%\]                    £25,182 \[1%\]        £1,236 \[1%\]
  Total costs             £2,170,394 \[100%\]        £106,487 \[100%\]                £2,403,442 \[100%\]   £117,922 \[100%\]

All costs reported in 2013 values

BR: background regimen; TB: tuberculosis

Results of sensitivity analysis {#sec015}
-------------------------------

The results of the probabilistic sensitivity analysis are presented in [Fig. 2](#pone.0120763.g002){ref-type="fig"} and [Fig. 3](#pone.0120763.g003){ref-type="fig"}. The probability that bedaquiline plus BR is cost-effective versus BR alone at an affordability threshold of £20,000 per QALY gained \[[@pone.0120763.ref024]\] and £50,000 per QALY gained \[[@pone.0120763.ref022]\] was 96% and 99%, respectively. The strategy of bedaquiline plus BR was cost-saving (and dominant) versus BR alone in 81% of probabilistic simulations.

![Cost-effectiveness plane for bedaquiline + BR versus BR only from a UK NHS and PSS perspective.\
BR: background regimen; NHS: National Health Service; PSS: Personal Social Services; QALY: quality adjusted life-year](pone.0120763.g002){#pone.0120763.g002}

![Cost-effectiveness acceptability curve for bedaquiline + BR versus BR only from a UK payer perspective (assuming price of £18,800 per treatment course).\
BR: background regimen](pone.0120763.g003){#pone.0120763.g003}

The results of the deterministic sensitivity analysis are presented in [Table 5](#pone.0120763.t005){ref-type="table"}, [Table 6](#pone.0120763.t006){ref-type="table"}, and [Fig. 4](#pone.0120763.g004){ref-type="fig"}. Bedaquiline plus BR was cost-saving and more effective than BR alone in the majority of deterministic analyses, with two exceptions. Firstly, where initial care for MDR-TB was managed in an outpatient setting for 100% of cases; in this analysis, bedaquiline plus BR was more costly and more effective than BR alone with an incremental cost per QALY gained of £7,842. Secondly, where the higher mortality rate observed in the bedaquiline arm of the C208 trial was included; in this analysis, bedaquiline plus BR was less costly and less effective than BR alone with an incremental cost per QALY gained of £12,289. Bedaquiline plus BR was cost-saving versus BR alone in cases where the price of bedaquiline was increased by 20%, the cost of BR increased by 20%, where UK ('real-world') clinical data were included (based on treatment outcomes for drug-resistant TB in the UK) \[[@pone.0120763.ref040]\], and when treatment benefit for bedaquiline was restricted to sputum culture conversion (no benefit in reducing the rate of relapse post-culture conversion).

10.1371/journal.pone.0120763.t005

###### Sensitivity analysis results (scenario analyses).
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  Analysis                                              Treatment          Total costs   Total QALYs gained   Total DALYs lost   Incremental cost per QALY gained   Incremental cost per DALY avoided
  ----------------------------------------------------- ------------------ ------------- -------------------- ------------------ ---------------------------------- -----------------------------------
  Acquisition of resistance and reoccurrence included   Bedaquiline + BR   £2,323,029    100.04               218.47             Dominates (-£7,299)                Dominates (-£1,964)
  BR only                                               £2,483,322         78.09         300.08                                                                     
  No reversion events included                          Bedaquiline + BR   £2,130,979    107.09               179.34             Dominates (-£9,258)                Dominates (-£2,331)
  BR only                                               £2,331,006         85.48         265.17                                                                     
  Trial-based mortality rates included                  Bedaquiline + BR   £2,299,677    73.36                297.81             £12,289                            £6,112
  BR only                                               £2,403,442         81.80         280.83                                                                     
  Real-world UK MDR-TB treatment outcomes included      Bedaquiline + BR   £2,260,967    101.65               196.71             Dominates (-£3,002)                Dominates (-£770)
  BR only                                               £2,310,047         85.31         260.45                                                                     

All costs reported in 2013 values

QALYs: quality adjusted life-years; DALYs: disability adjusted life-years; BR: background regimen; TB: tuberculosis

10.1371/journal.pone.0120763.t006

###### Sensitivity analysis results (parameter uncertainty).

![](pone.0120763.t006){#pone.0120763.t006g}

  Analysis                                                                       Range                                                                        Treatment          Total costs   Total QALYs gained   Total DALYs lost       Incremental cost per QALY gained   Incremental cost per DALY avoided
  ------------------------------------------------------------------------------ ---------------------------------------------------------------------------- ------------------ ------------- -------------------- ---------------------- ---------------------------------- -----------------------------------
  Time horizon                                                                   2-years                                                                      Bedaquiline + BR   £2,016,070    24.98                125.99                 Dominates (-£35,174)               Dominates (-£2,079)
  BR only                                                                        £2,110,252                                                                   22.30              171.29                                                                                       
  Percentage treated in hospital/ community                                      50% / 50%                                                                    Bedaquiline + BR   £1,745,021    105.09               187.80                 Dominates (-£1,105)                Dominates (-£271)
  BR only                                                                        £1,770,251                                                                   81.80              280.83                                                                                       
  0% / 100%                                                                      Bedaquiline + BR                                                             £1,319,647         105.09        187.80               £7,842                 £1,963                             
  BR only                                                                        £1,137,061                                                                   81.80              280.83                                                                                       
  Cost of BR (intensive and continuous)[\*](#t006fn002){ref-type="table-fn"}     Relative change: +20% (intensive value: 831.24; continuous value: £327.96)   Bedaquiline + BR   £2,204,247    105.09               187.80                 Dominates (-£10,234)               Dominates (-£2,561)
  BR only                                                                        £2,442,543                                                                   81.80              280.83                                                                                       
  Relative change: -20% (intensive value: £554.16; continuous value: £218.64)    Bedaquiline + BR                                                             £2,136,541         105.09        187.78               Dominates (-£9,783)    Dominates (-£2,449)                
  BR only                                                                        £2,364,341                                                                   81.80              280.83                                                                                       
  Utility weight of active TB, no cure[\*](#t006fn002){ref-type="table-fn"}      Relative change: +20% (Value: 0.82)                                          Bedaquiline + BR   £2,170,394    107.35               187.80                 Dominates (-£10,708)               Dominates (-£2,505)
  BR only                                                                        £2,403,442                                                                   85.59              280.83                                                                                       
  Relative change: -20% (Value: 0.54)                                            Bedaquiline + BR                                                             £2,170,394         102.82        187.80               Dominates (-£9,395)    Dominates (-£2,505)                
  BR only                                                                        £2,403,442                                                                   78.01              280.83                                                                                       
  Disability weight of active TB, no cure[\*](#t006fn002){ref-type="table-fn"}   Relative change: +20% (Value: 0.40)                                          Bedaquiline + BR   £2,170,394    105.09               189.45                 Dominates (-£10,009)               Dominates (-£2,487)
  BR only                                                                        £2,403,442                                                                   81.80              283.16                                                                                       
  Relative change: -20% (Value: 0.26)                                            Bedaquiline + BR                                                             £2,170,394         105.09        186.14               Dominates (-£10,009)   Dominates (-£2,523)                
  BR only                                                                        £2,403,442                                                                   81.80              278.50                                                                                       
  Price of bedaquiline[\*](#t006fn002){ref-type="table-fn"}                      Relative change: +20% (Value: 22,560)                                        Bedaquiline + BR   £2,242,837    105.09               187.80                 Dominates (-£6,898)                Dominates (-£1,726)
  BR only                                                                        £2,403,442                                                                   81.80              280.83                                                                                       
  Relative change: -20% (Value: 15,040)                                          Bedaquiline + BR                                                             £2,097,950         105.09        187.80               Dominates (-£13,120)   Dominates (-£3,284)                
  Bedaquiline + BR                                                               £2,403,442                                                                   81.80              280.83                                                                                       
  Discount rate                                                                  0%                                                                           Bedaquiline + BR   £2,201,252    121.54               352.60                 Dominates (-£9,294)                Dominates (-£1,476)
  BR only                                                                        £2,458,920                                                                   93.82              527.21                                                                                       
  5%                                                                             Bedaquiline + BR                                                             £2,158,485         99.16         154.99               Dominates (-£10,306)   Dominates (-£2,915)                
  BR only                                                                        £2,382,100                                                                   77.47              231.70                                                                                       

All costs reported in 2013 values

\* Fixed ranges of +/- 20% were chosen due to the lack of available ranges in the literature

QALYs: quality adjusted life-years; DALYs: disability adjusted life-years; BR: background regimen; TB: tuberculosis

![Tornado diagram representing deterministic sensitivity analysis based on incremental cost per QALY.\
\* Fixed ranges of +/- 20% were chosen due to the lack of available ranges in the literature. BR: background regimen; ICER: incremental cost-effectiveness ratio; QALY: quality adjusted life-year; TB: tuberculosis](pone.0120763.g004){#pone.0120763.g004}

Discussion {#sec016}
==========

The results of this study demonstrate that in the UK, adding bedaquiline to the current standard of care for the treatment of MDR-TB would be cost-effective and cost-saving through a range of bedaquiline cost scenarios. In the UK, the standard threshold under which new treatments are considered to be cost-effective is £20,000 to £30,000 per QALY gained \[[@pone.0120763.ref024]\]. Typically, medicinal treatments in orphan or ultra-orphan indications, in which MDR-TB falls, are considered cost-ineffective under standard thresholds \[[@pone.0120763.ref022]\]. This is, in part, due to the unique challenges in demonstrating value for money in indications where commercial returns for investment in research and development are naturally limited by the size of the eligible population, and thus producing higher than average drug costs. As shown in this study, bedaquiline in MDR-TB is a case where the increased cost of treatment is offset by the financial rewards of improved treatment, resulting in an overall cost-saving to the health system, assuming bedaquiline is available at the current US list price of US\$30,000 (£18,800). For bedaquiline-eligible patients, bedaquiline plus BR is considered a dominant strategy versus BR alone, and even without having to consider the higher willingness to pay thresholds for orphan drugs, bedaquiline would meet the usual criteria for reimbursement in the UK for use in patients who are eligible and likely to benefit from this intervention. At a willingness-to-pay threshold of £20,000 per QALY, the price of bedaquiline could be set to £55,066 (over 2.9 times the US list price); at willingness-to-pay thresholds of £30,000 per QALY and £50,000, the model demonstrates that the corresponding price thresholds of bedaquiline would be £67,151 (3.6 times the US list price) and £91,322 (4.9 times the US list price).

The cost savings associated with the addition of bedaquiline to the BR were due primarily to a considerable decrease in hospitalization costs resulting from faster sputum culture conversion and a higher proportion of patients achieving sputum culture conversion compared with BR alone. This cost-saving outweighed the increased drug acquisition costs, monitoring, and outpatient costs associated with the use of bedaquiline over a 10-year horizon.

The conclusions of this study are consistent with the conclusions of the WHO exploratory cost-effectiveness analysis of bedaquiline \[[@pone.0120763.ref016]\], which considered the use of treatment in a range of low to middle-income country settings (Russia, Estonia, Philippines, Peru, Nepal, and China). The time horizon of that study was restricted to the period of the bedaquiline phase II trial, 20 months. In the WHO study, bedaquiline plus BR was considered to be cost-effective versus BR alone, under a wide range of assumptions regarding the translation of trial results to current practice. In addition, the WHO cost-effectiveness model was most sensitive to assumptions on the rate of hospitalization, which was similar to the findings of the current study \[[@pone.0120763.ref016]\].

Importantly, this study builds on the findings of the WHO evaluation by considering an extended time horizon of 10 years, and using data on sputum culture conversion (an outcome validated by WHO Interim Policy Guidance and an external study \[[@pone.0120763.ref014],[@pone.0120763.ref041]\]) as opposed to the WHO definition of treatment success \[[@pone.0120763.ref028]\], to inform decisions on hospital stay and quality of life. It is important that cost-effectiveness analyses are comprehensive when evaluating the future costs and consequences of treatment. Consequently, it is important that the long-term consequences of failing to induce or maintain culture conversion in patients with MDR-TB are accounted for. The model developed in this study included the simulation of secondary attempts to induce conversion, and the simulated accumulation of health care resources, whilst attempting to care for patients who fail treatment. Further, whilst the WHO definition of treatment success may be appropriate in low-to-middle income settings, where routine screening of sputum culture is not always available, clinical decisions on hospitalization in high-income countries such as the UK are often based on sputum culture results, thus requiring an economic evaluation that modeled treatment benefit in terms of sputum culture conversion.

This study evaluated the use of bedaquiline in a high-income country where access to specialized hospital care and drug treatment for MDR-TB is universal, but also costly. However, as demonstrated in the study sensitivity analysis, bedaquiline remains cost-effective in cases where hospital care is restricted, under the assumption that the same level of patient care is provided from the outpatient setting. These results support the generalizability of our conclusions on the cost-effectiveness of bedaquiline in the UK to other high-income settings where hospital care is not routinely provided to patients with active pulmonary MDR-TB.

The key strengths of this study include its comprehensive health state structure, the use of patient-level data to inform state transitions, and the extent to which the model captures UK and WHO guidelines on treatment strategies for MDR-TB. The health state structure of the model was also verified by a leading UK clinician, who confirmed that the model appropriately captured outcomes in patients with MDR-TB in the UK. In addition, model validation indicated that the model showed good consistency with other previously developed models in this area, and direct cost estimates were within published ranges, which have been estimated at between £50,000 and £70,000 \[[@pone.0120763.ref018],[@pone.0120763.ref027]\].

The health state structure of the model consisted of a comprehensive set of states developed to represent the major outcomes observed in the bedaquiline placebo-controlled phase II clinical trial (sputum culture conversion, relapse following culture conversion, loss to follow-up and the use of adjunctive surgery for MDR-TB) and outcomes that are likely to have occurred outside of the trial (end of life care, reoccurrence of TB following conversion and mortality in patients who are lost to follow-up). The data inputs in the model included the analysis of patient-level data from the bedaquiline placebo-controlled phase II clinical trial to estimate the time-dependent rate of sputum culture conversion, which has not been captured in previous economic evaluations. The model also captures the time spent receiving different types of care (inpatient care in negative pressure hospital room, and outpatient, community-based care), and the time spent receiving additional interventions prior to treatment completion as recommended by UK clinical practice guidelines.

The model does not capture the mortality imbalance observed in the placebo-controlled phase II clinical trial in the base case, and instead derives the probability of death from different states described in the literature \[[@pone.0120763.ref030],[@pone.0120763.ref031]\]. The key rationale for not incorporating the mortality data from the phase II clinical trial of bedaquiline, was that in this trial no reasons for the imbalance were identified \[[@pone.0120763.ref011],[@pone.0120763.ref014]\]. In addition, recent data published based on early access (compassionate use) of bedaquiline suggest, a lower mortality rate than has been observed in clinical trials. In a retrospective cohort study of 35 patients treated with bedaquiline in France, only one patient died (3%), and the death was considered unrelated to TB or TB treatment by the investigator \[[@pone.0120763.ref042]\]. Similarly, an interim analysis of 91 patients treated with bedaquiline in South Africa reported 3 deaths (3.3%), none of which were considered related to bedaquiline by the investigator \[[@pone.0120763.ref043]\]. Nevertheless, the excess mortality observed in C208 is captured in sensitivity analyses. Results of this analysis showed that bedaquiline was associated with fewer costs and fewer QALYs compared with BR alone, which led to a positive ICER of £12,289. This was driven by the higher number of deaths in the bedaquiline arm compared with BR only, which led to fewer life years, but also smaller treatment and hospitalisation costs.

As with all decision analytic models, the model presented in this study was subject to a number of assumptions, which in turn may be considered limitations of the analysis. In this model, as is the case with many economic analyses, these assumptions were driven by the absence of data. Specifically, the key limitations in the simulation model were the use of trial data to inform the rate of sputum culture conversion in patients in the UK, the assumed zero cost for patients who are lost to follow-up, and the assumption that patients who occupy the treatment completion state have the same health characteristics of the general population.

The primary source of data in the model was a relatively small phase II placebo-controlled trial \[[@pone.0120763.ref013],[@pone.0120763.ref015],[@pone.0120763.ref027]\]), which enrolled MDR-TB and pre-XDR-TB patients from outside the UK who may not be representative of the MDR-TB population in the UK. Nevertheless, bedaquiline + BR remained cost-saving versus BR alone when UK clinical outcomes were used to estimate rates of sputum culture conversion over time \[[@pone.0120763.ref002]\].

Data on the outcomes of treatment for MDR-TB in the UK are available and presented in annual TB reports by the Health Protection Agency (HPA) \[[@pone.0120763.ref002]\]. These data were not used in the model because the composition of drug regimens used in the UK cohort was unknown. This uncertainty is compounded by the observation that 72% of patients treated for MDR-TB in the UK achieved treatment success (WHO definition) outcomes at 24 months \[[@pone.0120763.ref002]\], compared with 56.1% of patients in the placebo group (BR alone) of the trial (at month 20), and these measures are not directly comparable because the contribution of sputum culture conversion to "success" in the UK definition is not well characterized. The difference in treatment success rate between the UK study and trial sites may be due to several factors, including greater rates of antibacterial resistance in ex-UK sites and the general health status of patients in trial site settings, as well as differences in severity of disease between the general MDR-TB population in the UK and the trial population (all patients in the trial had sputum smear positive TB and over 80% had at least one lung cavity measuring at least 2 centimeters on enrollment). To address this uncertainty, a sensitivity analysis of model inputs was conducted to test for variations in sputum culture conversion. The results of this analysis ([Table 5](#pone.0120763.t005){ref-type="table"} and [Fig. 4](#pone.0120763.g004){ref-type="fig"}) demonstrated that study conclusions were not affected by variations in the rate of sputum culture conversion.

A further limitation in our model is the assumption that patients who were lost to follow-up remained so until death. No costs were applied to this patient group, assuming they do not seek medical intervention. These patients were also assumed to have active TB and experienced the quality of life of patients consistent with active disease. It is possible that a proportion of patients previously lost to follow-up would re-enter care and treatment at a later date. To underscore this point, an audit of TB patients initially classified as lost to follow-up in West Yorkshire in the UK found that 16% of patients later restarted and completed treatment \[[@pone.0120763.ref044]\]. This limitation is not likely to impact the results of the simulation, given that the rate of loss to follow-up was assumed to be the same between treatment strategies.

The model also assumed that patients who achieved sputum culture conversion did not experience any lasting effects in terms of quality of life or disability, including recurrence of TB. This is likely to be an optimistic assumption, as it has been shown that quality of life remains significantly worse in patients with TB than in the general population, even after they have successfully completed treatment \[[@pone.0120763.ref045]\]. The impact of previous TB infection on the utility weight of patients who have completed treatment for MDR-TB is currently unknown.

Future enhancements to the simulation model may include the consideration of new and emerging therapies in the treatment of MDR-TB such as delamanid, which has recently been approved for use in MDR-TB in the EU. In addition, the BR treatment duration in the model was 20 months, but there is evidence to suggest that a shorter 9-month BR duration is effective \[[@pone.0120763.ref046]\]. The effect of adding bedaquiline to a 9-month BR will be studied in Phase 3 clinical trials, and may be considered in future model simulations.

The current model does not explicitly model transmission dynamics of TB. We explored possibilities for attempting to calculate the number of incremental transmitted cases that could be prevented due to the higher and faster sputum culture conversion rates when treated with bedaquiline. A heuristic approach was used to estimate the transmission rate per month, based on the assumption that for each case of TB lasting a year, 0.24 additional secondary cases of TB arise. The calculation is based on the ratio of adult to children TB cases as reported by the TB 2012 annual report (0.24) \[[@pone.0120763.ref002]\], an established proxy for secondary cases, and the assumption of 1 year (13 months) exposure.

Studies in various settings (US \[[@pone.0120763.ref047],[@pone.0120763.ref048]\], Australia \[[@pone.0120763.ref049]\], Peru \[[@pone.0120763.ref050],[@pone.0120763.ref051]\], India \[[@pone.0120763.ref052]\], and UK \[[@pone.0120763.ref053]\]) estimate that a typical MDR-TB patient transmits latent infection to between six and twenty contacts per year of infectiousness which, in turn, results in 0.3 to 2.3 (direct estimate) new active cases of MDR-TB each year \[[@pone.0120763.ref048],[@pone.0120763.ref051],[@pone.0120763.ref054]--[@pone.0120763.ref056]\]; therefore the figure derived from the UK proxy data is likely conservative.

Although this analysis is not considered in the base case results presented in the current paper, we find that using this approach, treating a cohort of 20 patients with bedaquiline + BR, compared with BR alone, would result in preventing 0.96 additional MDR-TB cases per year, with a cost saving of £233,048. Including this measure would therefore make the results even more cost-effective than as currently presented. However, the number of secondary TB cases resulting from community transmission in the model should be treated as an estimate only, and more sophisticated disease transmission methods should be used if transmission is to be the primary outcome of interest.

In summary, the results of this study show that treatment with bedaquiline is likely (81% certainty) to produce cost-savings for the UK NHS if sold at the US list price or within +/- 20% of that price, and lead to improvements in the average quality of life of patients with MDR-TB. Bedaquiline, when added to current standard of care for treating MDR-TB, should be considered the dominant treatment strategy (less costly and more effective) compared with the standard of care alone. These results support the use of bedaquiline in eligible patients.
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